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Abstract 
This work studied the field emission (FE) characteristics of SiC 
layers synthesized by high dose carbon implantation into silicon wafers 
using a metal vapor vacuum arc (MEWA) ion source. The carbon dose 
ranged from 0.75x1018 to 1.2xl0i8 cm-2. Thermal annealing was 
performed at 1200 °C. The FE properties were correlated with results of 
various characterization techniques including atomic force microscopy 
(AFM) and conducting AFM (CAFM) measurements, X-ray diffraction 
(XRD), X-ray photoelectron spectroscopy (XPS) and transmission electron 
microscopy (TEM). It is clearly demonstrated that both the surface 
morphology and the electrical inhomogeneity in the SiC layer could lead 
to local electric field enhancement and hence to the improvement of the 
FE properties in the IBS SiC layers. Moreover, from the CAFM images of 
a high dose as-implanted sample, some isolated conducting grains 
embedded in a relatively insulated layer were clearly observed. The sizes 
and density of these conducting grains were found to be dependent on the 
carbon doses. A local field enhancement model, namely embedded 
conducting grains model (ECG), is proposed to correlate the FE properties 
of the IBS SiC films with these conducting grains. Finally, attempts to 
improve the FE properties were performed by implanting tungsten ions 
into the IBS SiC layers using the M E W A ion source. The tungsten dose 
was 1.0x1017 cm-2. Thermal annealing was performed either by furnace 
annealing (FA) in Ar ambient at 1200 °C for 1.5 hours or by rapid 
i 
thermal annealing (RTA) in Ar ambient for 1 minute at 1050 °C. An ultra 
low turn-on field of 0.35 V/fim was obtained for one of the W modified IBS 
SiC samples prepared at appropriate conditions. The extremely good FE 
properties and the very high local field enhancement factor of this sample 
was discussed in terms of the two afore-mentioned field enhancement 
















前述的碳化桂樣品中，來改善它們的場發射特性。注入劑量爲l .OxlOi7  
ions/cm2�而退火處理則分別是於a氣環境下在1200 °C進行1.5小時高溫退 
火或在1050 °C進行1分鐘快速退火。在這些樣品中，其中有一個經過適當的 
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Chapter 1 Introduction  
1.1 Introduction 
In recent years, there has been a growing interest in the investigation 
of cold field emission due to its potential applications in field emission 
display (FED) [1.1], which are being pursed aggressively by a number of 
companies worldwide as an alternative to the liquid crystal displays 
(LCDs). The field emission display (FED) is a device base on a physical 
phenomenon "field emission" and it is one kind of flat panel display (FPD) 
in which image is formed from a large array of pixels, each addressed by a 
controllable cathode [1.2]. The global market for flat panel displays (FPDs) 
was estimated at 18.5 billion dollar in sales in 1999 [1.3]. The market is 
predicted to reach $70 billion by year 2010, with production totals for thin 
film transistor (TFT) liquid crystal displays (LCDs) alone to exceed that of 
cathode ray tubes (CRTs) by year 2007. 
1.2 Theory of Electron Field Emission 
Electron field emission is the emission of electrons from a solid under 
an intense electric field cold emission at room temperature occurs by 
tunneling of electron through the surface potential barrier. The typical 
field required for emission from solids is 1000 V/|dm. The early work of 
Fowler and Nordheim [1.4] has derived an equation on the relationship 
between the field emission current density and the electric field strength 
— FA 
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for planar field emission from metals. This equation is now well known as 
famous Fowler-Nordheim equation. 
1.2.1 Fowler Nordheim Planar Field Emission Model for Metals 
According to the Fowler-Nordheim (F-N) model, electrons are 
assumed tunneling at a constant energy E and a triangular potential 
barrier is considered [1.4] as shown in Fig. 1.1. Moreover, the surface of 
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Fig. 1.1 Potential barrier for field emission from a metal with external 
field. 
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The potential energy V{x) is expressed as the following: 
\W-eF^x x > 0 
where Fq is the field strength, V(x) is the potential energy. The 
one-dimension Schrodinger equation can be expressed: 
d^\\/(x) 2m fTT/ \ T^i ^ 
= 0 (1.1) 
2/71 
Let fix) = — [V(x) - E] and fix) > 0 for 0 < x < Xg, and let 
y\f(x) = e"^ (1.2) 
Substitution of equation (1.2) into equation (1.1) leads to 
a"(x) + [a\x)f-f(x) = 0 (1.3) 
Assuming that a is a slowly varying function of jc such that 
cil"(x) « [a(x)f，then 
aOr) — a(0) = 土�VT^t^：^ 
Ju 
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We need a negative sign, for we look for a wave traveling from left 
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(1.4) 
where m is the mass of the free electron in the vacuum. 
Moreover, the tunneling of electrons is assumed to be occurred at a 
constant energy E and the relationship between the energy E and 
momentum px in the x direction is taken as: 
* 2 2 
m v^ p工 
丁 = • (1.5) 
where m* is the effective mass of electron in the metal. 
P.4 
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As the carrier density with momentum between px and px+ Apx, py and 
/)y+ Apy, Px and pz +Apz is (2/h^)dpxdpydpx, the number of electrons arriving 
at the surface per square meter per second is Vx(2/h^)dpxdpydpx. Hence the 
tunneling current density is: 
2e err 
J = P .T ip , (1.6) 
m h "J 
where T(px) is the transmission coefficient and the integration must be 
carried out for all electrons in the conduction band. That is, if Ef is the 




" 丝 r 彻 ) p “ p � 2 - p / )机 （1.8) 
m ‘“ 
Then, let 6 = Po-Px^ since Tipo-Q) decrease rapidly with increasing 0, 
therefore only contributions for small G are significant. We may thus write 
in good approximation, 
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Po-Px 
Po" - Px = iPo + Px)iPo -Px)-
3 3 2 2 3 3 / 2 _ 
{ w - E y 1 + 八 - f x (1.9) 
2m 2m 2m O 
V y 
= 单 f 
V rn O j 
2 m m O 
Now substitute equation (1.9) into equation (1.8) and take the 
integration, we can get the current density. 
“ 1 _ 
1 - 3 0)2 
m h' ^ 3U J eF, 厂。 
� 1 31 r 1 
= - ^ e x p - - - - - exp - 2 — _ 
Since T(po-0) decreases rapidly with increasing 6, the upper limit of the 
above integral can extend to oo and by the standard formula of the definite 
integral: 
^Qx^{-ae)de = \ (1.10) 
a 
are finally obtain 
厂 1 i 一 
e x p - 放 — (1.11) 
This is the Fowler-Nordheim equation, which is considered to be a 
norm of electron field emission behavior. 
FS “ 
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However, if we consider the surface electric field enhancement effect 
at the metal surface, e.g. due to the geometry of the cathode surface, the 
field enhancement factor p is needed to be introduced such that Fo=pF, 
where FO is the local field strength and F is called the nominal field 
strength. If the difference between the electron mass in solid and that in 
vacuum is neglected, i.e. m=m\ then equation (1.11) becomes: 
J = : e x p - B — (1.12) O pF 
where A=1.54xlO-6AeVV-2 ^nd B=6.83xl07(eV)-3�m-i. 
From equation (1.12) we can observe that ln(J/i^) will vary linearly 
with 1/F. 
3 
1 , J � 1 岸 1 
(1.13) 
Moreover, if the experimental data are plotted in this way, usually 
called the F-N plot, the value of p/03/2 can be deduced from the slope of the 
F-N curve. The ubiquitous linearity (more or less) of the experimental 
data plotted in this manner indicates a commonality in the underlying 
theory of the emission mechanisms of many electron sources with 
different values of p. 
~ v7i “ “ 
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However, E is in fact a variable as the energy of electrons in a solid is 
not constant, but follows Fermi-Dirac distribution, which according to 
reference [1.5], is given by 
广 ⑷ = 斤 吞 ） （1.14) 
where Nc is the electron density in the conduction band, Fm is the 
Fermi-Dirac integral, K^ is the Boltzman's constant and T is the 
temperature. When the image charge potential is further taken into 
consideration i.e. 
[0 x < 0 
= + ^ x > 0 (1.15) 
I671S0X 
The equation (1.11) will change to: 
— • 
= 今 ) - _ _ ^ — — （ 1 . 1 6 a ) 
An n C FN V ^ > 1 . /t rr \ 
where 
a - ( 巧 = = ^ V ^ v W 
2 I 卯 (1.16b) 
nt 47I8oO^ 
and v(y) and t(y) are the Nordheim elliptic functions. The terms in square 
bracket in equation (1.16a) are close to unity for field emission at room 
temperature. Therefore, 
• = -- e x p [ - 字〕 
(1.16c) 
~ R 8 ‘ 
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All the coefficients in equation (1.16a) are either explicitly or 
implicitly dependent on the applied electric field. Therefore, the linearity 
of equation (1.16a) on a F-N plot is not priors guaranteed, though it may 
be made so by linearizing v(y) in F and approximating t(y) by a constant. 
For T=OK, a widely used approximation due to Spindt, Brodie and 
co-workers [1.6] is: 
办)《 1.1 
vCy)«Vo_Vi少2 « 0.95— 少2 
The quadratic v(y) approximations are reasonable for intermediate 
values of y. They are useful in making estimates of the value of (3/03^ 2 from 
plots of the experimental data. If a quadratic v(y) is used, the exponential 
term containing vi can be absorbed into OFN and then 6FN can be redefined 
to not include vi. This will results in an expression of J{F), that will give 
an identically linear F-N plot. 
1.3 Goal of this Project 
In the past few years the study of cold electron field emission (FE) 
properties of carbon containing materials including diamond and diamond 
films [1.7，1.8], amorphous carbon [1.9，1.10]，nanotubes [1.11，1.12], 
silicon carbide layers [1.13，1.14] and textured silicon surface implanted 
with carbon ions [1.15], has continued to be a topic of intensive research 
efforts. Some of these material systems showed very low turn-on fields for 
electron emission, typically smaller than 10V/|im [1.7，1.9-1.13，1.15]. 
However, the field enhancement mechanisms behind the carbon 
R 9 “ ^ 
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containing materials are not so clear. It is of great interest to understand 
the mechanisms responsible for these good electron FE properties. For 
example, the good FE properties of the nitrogen-doped diamond samples 
[1.7] synthesized by chemical vapor deposition were attributed to the 
negative electron affinity (NEA) of diamond. However, by simultaneously 
measuring the field emission and photo emission spectrum of (111)1x1 :H 
natural semiconductor (p-type) diamond surface, Bandis et al [1.18] 
showed that the origin of the field emitted electron was due to the electron 
tunneling from the valence band. Groning et al. [1.19] also found that 
there were good field emission properties of the diamond films and 
nanotubes of which the work function was determine to be in the range of 
3-5 eV using the same measurement method. The good FE properties of 
the aligned high-density carbon nanotubes synthesized by hot filament 
chemical vapor deposition (HFCVD) [1.12] were attributed to the small 
radius of the tube wall and the existence of defects. However, this model 
does not consider the screening effect of the high-density nanotubes. In 
our lab's pervious work, the good FE properties of ion beam synthesized 
SiC layers were attributed to the formation of SiC protrusions on the 
sample surface and the surface morphology was highly correlated with the 
field enhancement factor [1.13]. However, this model is still unable to 
explain the large numerical values of the field enhancement factor 
observed experimentally. 
In a recent work, it was proposed that the origin of field enhancement 
in FE from amorphous carbon films was associated with the dielectric 
(electrical) inhomogeneity within the films [1.10，1.16，1.17]. It is therefore 
¥16 
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the first goal of this project to study the FE properties of SiC layers 
synthesized by high dose carbon implantation into silicon aiming at 
uncovering the field enhancement mechanisms. From our research results, 
we shall show that both the surface morphology and the electrical 
inhomogeneity in the layer can lead to local electric field enhancement on 
the films and hence to the improvement of the FE properties. 
Secondly, with our improve understanding on the local field 
enhancement mechanisms in the ions beam synthesized SiC layers, we 
have added tungsten ions into the ion beam synthesized SiC films by 
M E W A implantation aiming at further improving the FE properties. The 
field emission properties of the tungsten-implanted films were studied 
and the results were discussed in connection with their phase and 
structure evolutions. 
¥Ji “ 
Chapter 2 Sample Preparation and  
Characterization Methods  
2.1 Sample Preparation 
In this work, n-type (100) 0.01-0.02 Qcm silicon wafers were used as 
the substrates. They were cleaned in HF:H2O=l:50 solution for 1 minute 
to remove the surface residue oxides before any processes. For IBS of the 
SiC films, implantation of carbon ions was performed using a M E W A ion 
source. The implanted energy was 35kV and the beam current density was 
7 ^Acm-2. The nominal doses of carbon ions used in this study range from 
0.75 to 1.2x1018 cm-2. After implantation, thermal annealing experiments 
were performed in a silicon carbide furnace in an Ar ambient. The 
annealing temperature was 1200 °C and the annealing time was 1-2 
hours. 
For the tungsten modified silicon carbide films, tungsten were 
implanted into IBS SiC layers using M E W A ion source. Firstly, carbon 
ions were implanted at doses of 0.8xl0i8 and l.OxlQi^ cm-2 at the 
extraction voltage equal to 35 kV to form the SiC layers. Then, tungsten 
ions were implanted with extracted voltage of 70 kV with a dose of 
1.0x1017 cm-2. Finally, the implanted samples were furnace annealed in an 
Ar ambient for 1.5 hours at 1200 °C or treated by rapid thermal annealing 
in an Ar ambient for 1 minute at 1050 °C. 
¥X2 “ 
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The M E W A implantation technique was used in this work has a 
number of advantages compared with conventional ion implantation. The 
features of M E W A implantation will be introduced in the next section. 
2.1.1 M E W A Implantation System 
The metal vapor vacuum arc (MEWA) ion source was developed by 
Brown et al. [2.1] in 1985 at the Lawrence Berkeley Laboratory. A 
schematic of the M E W A ion source is shown in Fig. 2.1. The main parts of 
the M E W A ion source include the cathode, the trigger electrode, the 
anode and the extraction system. 
Trigger Extraction 
electrode ^ 她 
Anode 
Cathode / / I 
A二r 巧 \ \ .BA 
Trigger beam 
“ V o l t a q e _ _ _ ^ _ _ I 
300Q -3kV2： 
^ f i ^ . L 
Extraction voltage --
Fig. 2.1 A schematic of the M E W A ion source 
R13 
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The basic principle of this system is simple. The process can be 
described as the following: a dense plasma of the cathode material is 
formed by vacuum arc discharge between the cathode and the anode when 
a high voltage triggering pulse of about 10 kV is applied between the 
trigger electrode and the cathode. Then, a system of multi-aperture 
extraction grids is used to extract the ion component from the plasma 
plume, thus forming an intense ion beam of the cathode material. The arc 
circuit and the first extraction grids are floated to the desired extraction 
voltage (30-80 kV). An intermediate extractor grid is used for electron 
suppression and is set at about 一 2 . 5 kV to absorb the electrons produced 
during the implantation. The outermost grid is at the ground potential. 
Therefore, the ions from the cathode are implanted into the target beyond 
the extraction grid in vacuum. Moreover, a step motor is used to push the 
cathode material forward if the front part of the material is consumed 
during the implantation. This enables the implantation of the same kind 
of material for a long time and for many times without replacing the 
cathode 
The M E W A source is operated in a pulse mode. The pulse length is 
set to be 1.2 ms. The repetition rate can be selected in the range of 1-25 
pulse per second. By increasing the frequency of the pulses, the ion beam 
current can be increased. The advantages of the M E W A system include 
high current ion beams, large irradiated area, fast and pulse mode 
operation. The high beam current and large irradiated area features are 
particularly attractive for IBS application. On the hand, the pulse mode 
operation can lead to very high instantaneous power density during 
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implantation. 
Almost all the metal elements in the periodic table are available for 
implantation with a M E W A ion source. Some non-metal elements such as 
carbon and silicon are also applicable in a M E W A ion source [2.2，2.3]. 
However, different elements have different charge state fractions. For the 
carbon ions, only the singly charged are found to exit in the plasma but for 
the tungsten ions, there are six charge states existing in the plasma. The 
charge state fractions are 2%(W+), 23%(W2+) 43%(W3+), 26%(W4+)，5 %(W5+) 
and 1%(W6+) and therefore the average fractional charge is 3.1 [2.4]. This 
has to be taken in to account for calculating the implanted dose and the 
desired accelerating voltage. 
Some important features of the M E W A ion source implanter 
different from a conventional implanter that worth mentioned are: (a) The 
ion beam is a broad beam and there is no beam scanning system to achieve 
large area uniform implantation. However, for four-inch wafer placed at 
the middle of the stage, the distance between the sample stage and the ion 
source is about 80 cm the uniformity of the beam is determined to be 
within ±5�/^. (b) There is no mass separation device in the M E W A 
implanter, while in conventional ion implanter an analyzing system is 
used to select the intended ion species, (c) Since the M E W A ion source 
operates in the pulse mode, the instantaneous input power density is very 
high. 
p i s ‘ 
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2.1.2 Implantation Conditions 
There are three major controlling parameters of the M E W A 
implantation, namely, the extraction voltage, accumulated total charge of 
implanted ions and beam current density. The implant energy is 
dependent on the extraction voltage. The beam current can be adjusted by 
the trigger frequency, trigger voltage, arc voltage and strongly depends on 
the surface status of the cathode. The beam current density was selected 
to be 7 |xA/cm2 for all at carbon or tungsten implantation in this work. 
The implant dose D can be estimated from the accumulated total 
charge of ions Qmai by the relationship [2.5]: 
D = ^ — — (2.1) 
(1.6 X10-19 
where q is the average fractional charge state and A is the target area. 
For carbon ions q equals to 1 and 3.1 for tungsten ions. The target area 
is about 150 cm^ in our system. In this work, for carbon ions implantation, 
the extraction voltage was 35 kV and the doses were ranging from 
0.75x1018 to 1.2 xl0i8 cm-2. For the tungsten ion implantation, the 
extraction voltage was 70 kV and the dose used was 1.0 xlOi7 cm-2. 
p i e 
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2.1.3 Simulation by SRIM 
We can get a rough idea of the distribution of C or W in the Si 
substrate before implantation by using a computer simulation. The depth 
distribution of the implanted species, C{z), in an amorphous substrate can 
approximately express as a symmetrical Gaussian distribution by the LSS 
theory [2.6]: 
C �= 4 e x p � — ( 2 . 2 ) 
where D is the dose, z is the depth inside the substrate, a is standard 
deviation from the mean and Rp is the project range. 
A Monte Carlo computer simulation program call SRIM2000 [2.7] 
was employed to simulate the distribution profile of carbon or tungsten 
ions in the amorphous Si substrate. It was developed to calculate the 
range and damage distribution as well as angular and energy 
distributions of backscattered and transmitted ions in amorphous solids. 
For the IBS SiC in M E W A implantation, we take the dose of carbon 
ions be IxlOis cm-2 and the extracted voltage be 35 kV as an example. The 
simulated result is shown in Fig. 2.2. The projected range Rp is found to be 
1200 A and the FHWM of the profile is 900 A. 
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Fig. 2.2 The depth distribution of IxlQis cm-2 C implanted into Si at 
an extraction voltage of 35 kV by SRIM simulation. 
For the M E W A implantation of W into SiC substrate, it is more 
complex than the carbon ion implantation since there are six charge states 
of W ions in the M E W A ion source as mentioned in section 2.1.1. We take 
the dose of W ions be IxlQi^ cm-2 and the extracted voltage be 70 kV as an 
example, the corresponding energies, electrical current fraction, particle 
current fraction and the dose for the ions of the respective charge states, 
are shown in Table 2.1 and the simulated result is shown in Fig. 2.3. The 
projected range Rp is found to be 500 A and the FHWM of the profile is 380 
A. 
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Charge Energy Electron Current Particle Current Dose 
[e] [keV] Fraction [%] Fraction [%] [xl0i6cm-2] 
1+ ^ 2 Ke 0.56 
^ 140 23 ^ ^ 
^ ^ 43 404 4.04 
4+ ^ ^ 18^ 1.83 
^ ^ 5 ^ 0.28 
^ 1 0.5 0.05 
Table 2.1 The corresponding data of implantation energies, electrical 
current fraction, particle current fraction and the dose for the ions of the 
respective charge states, for W implantation with a total dose of IxlO!? 
cm-2 at an extraction voltage of 35kV by a M E W A ion source. 
2.7-1 
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Fig. 2.3 The depth distribution of IxlO!? cm-2 w ions implanted into 
SiC at an extraction voltage of 70kV by SRIM simulation. 
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2.2 Characterization Methods 
The local surface morphology and local electrical conductivity of the 
samples were studied by atomic force microscopy and conducting AFM 
(CAFM), respectively. The distribution and dose of the implanted species 
were determined by Rutherford backscattering spectrometry (RBS). The 
structure and phase evolutions conditions were studied systematically by 
X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD) and 
transmission electron microscopy (TEM). The field emission properties of 
the samples were studied at an ultra high vacuum system with a base 
pressure better than 2x10-8 Torr. 
2.2.1 AFM and CAFM 
Atomic force microscopy (AFM) was invented in 1986 [2.8]. It has been 
the most widely used extension of the scanning tunneling microscopy 
(STM) invented by Bining et al in early 80，s [2.9]. Moreover, it can be 
applied to any type of material including non-conducting materials. 
Therefore, it has overcome the limitation of STM, which requires a 
conductive sample. 
In principle, AFM is based on the measurement of interaction force 
between the atoms on the tip and those on the sample. The detail can be 
found in reference [2.10]. A schematic diagram of the main components of 
AFM is shown in Fig. 2.4. 
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Figure 2.4 A schematic diagram of the main components of AFM 
The sample is mounted on a piezoelectric scanner. The scanner is used 
to move the sample in the XY directions with a lateral resolution of about 
o 
1 A. A flexible cantilever, with a spring constant of about 0.1-10 N/m and 
with a sharp tip at the end is fixed above the sample surface. A laser 
beam from the laser diode is reflected from the back of the cantilever into 
a position-sensitive photodiode (PSPD) detector as the tip is scanned over 
the sample. As the cantilever bends, the position of the laser beam on the 
detector shifts with the ability to measure a displacement as small as 1 A. 
As a result, the system can detect sub-angstrom vertical movement of the 
cantilever tip. The signals of the PSPD are recorded and the changes are 
captured and reconstructed to form an image by the computer system. 
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The conducting atomic force microscopy (CAFM) used in this project 
was modified from a commercial AFM (Nanoscope III，Digital Instrument 
Inc.) with a homemade preamplifier with a noise level less than 1.5 pA. A 
commercial SISNA cantilever coated with 50 nm TiN film was used as a 
conducting probe. A fixed constant DC bias voltage is applied across the 
tip and the sample with fixed separation between the tip and the sample 
surface. The current flow between the tip and the sample will form an 
image and reflect the surface local electrical conductivity of the sample. A 
large current would be obtained for a higher conductivity region. 
2.2.2 RBS 
Rutherford backscattering spectrometry (RBS) is a technique to obtain 
the atomic composition and the thickness of thin film layer less than 2|im 
by counting the scattering events between an ion and solid. The detailed 
principles of RBS can be found in reference [2.11, 2.12]. 
In RBS, the mono-energetic particles in the incident beam collide with 
the target atoms with an incident energy of typically 2 MeV. Then, the 
particles were scattered backward into the detector of system. The 
detector system measures the energies of the backward particles. In the 
collisions, energy is transferred from the moving particles to stationary 
target atoms. The energy of the scattering particles depend on the masses 
of the incident and target atoms and the scattering angle, which is 1 7 0 �i n 
our case. From the energy loss of the backscattering ions, by simple 
mechanical calculations, information about the target atoms can be 
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obtained. Fig. 2.5(a) shows a schematic of the experimental set up of RBS 
measurements and Fig. 2.5 (b) depicts the collision event and the 
mechanical parameters. 
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Figure 2.5 (a) Experimental setup of RBS (b) Schematic representation of 
an elastic collision between projectile mass and target mass. 
Moreover, there are four basic factors that are involved in the 
ion-solid interactions in the RBS measurement: (a) The energy of the 
projectile after collision can be related to its energy before the collision by 
means of kinematics factor, (b) The interaction between the projectile and 
the target atom that can be described as an elastic collision between two 
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isolated particles and expressed in terms of the scattering cross section, (c) 
The energy loss of the energetic projectile as it traverses the path due to 
the columbic electrical potential on the target atoms leads to the concept 
of the stopping cross section, (d) The energy loss process is a statistic 
process. Thus mono-energetic projectiles assume an energy distribution 
after penetrating a given depth of the target. This is known as straggling. 
The scattering cross section provides RBS with a quantitative capability, 
the stopping cross-section results in the capability for the depth analysis 
and energy straggling sets limit on mass and depth resolution. 
In this work, RBS spectra for the implanted samples along random 
direction were taken with a 2 MeV He+ incident beam from a 2 MV tandem 
accelerator. The backscattering ions were detected by a surface barrier 
detector with a resolution of 15 keV placed at an angle of 170°. A popular 
simulation program call RUMP [2.13] is used to fitting the RBS spectra to 
obtain the depth profile of the implanted ions. 
2.2.3 XPS 
X-ray photoelectron spectroscopy (XPS) belongs to a family of 
photoemission spectroscopy (PES), in which a photon source is used to 
excite a sample surface. The energy of those electrons ejected after the 
photoemission process (photoelectrons) as schematically shown in Fig 2.6 
are detected and analyzed by a concentric hemispherical analyzer (CHA) 
[2.14，2.15]. The energy of the emitted electrons is given by the following 
equation: 
P.24 
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E^E =hv- E 朋—(^(sample) (2.3) 
where EKE is kinetic energy of the electron to be detected and analyzed by 
the energy analyzer, EBE is the binding energy and <E)(sample) is the work 
function of the sample. 
0 Auger Electron 
~ L23or2p ~ O - K W W ) — 0 ~ 1>2,2� 
Q 3 L^  or 2s ( H 3 L^  or 2s 
Photon^ Photoelectron Photon^ /^) 0 Photoelectron 
~ K o r 1 s ~ - ^ ( f ^ Kor1s 
Fig. 2.6 The XPS emission process for a model atom. A incoming photon 
causes the ejection of the photoelectron. The relaxtion process (left) for a 
model atom resulting in the emission of a KL23L23 Auger electron. 
In addition to photoelectrons emitted, Auger electrons may be emitted 
because of relaxation of the excited ions after photoemission. The kinetic 
energy of the Auger electrons is equal to the difference between the energy 
of the ion in the initial state and the doubly charged ion in the final state. 
It is independent of the ionization process. The energy is different in 
different elements. Therefore, by observing the Auger lines and the XPS 
peaks in the XPS spectrum, the elements in the sample can be identified. 
The binding energy of a particular electron from a certain energy level 
in XPS is actually the energy required to remove the electron from that 
energy level to vacuum level. When the element is in different chemical 
states, its corresponding energy levels will be different, thus giving out 
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photoelectrons at a slightly different energy from those arisen from its 
elemental state. This energy shift is the so-called "chemical shift". As a 
result, such chemical shift information allows us to identify the chemical 
states of a particular element. 
Quantitative analysis of XPS spectra to obtain the atomic 
concentration of a particle element is possible. The surface of the sample is 
assumed homogeneous. The signal intensity of a particular element in the 
sample is given by the following equation: 
h e = 吼 (2.4) 
where Ii,c is the Photoelectron intensity for a core level c of element I，Ni is 
the number of atoms of element I per unit volume and Si is the sensitivity 
factor of element A (defined from the system) 
Therefore, the atomic concentration of a particular element in the 
sample can be expressed as following equation: 
h 
Q 
Atomic{%) = ^ X100% (2.5) 
？I 
The composition depth profiles can also be obtained according to the 
atomic concentration at different depth position if the system is equipped 
with a sputtering depth profiling capability. 
P.26 
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2.2.4 XRD 
X-ray diffraction (XRD) is a powerful technique for the analysis 
crystal structures without damaging the samples. Let us consider an x-ray 
beam incident on a pair of parallel planes, separated by an interplanar 
spacing as shown Fig. 2.7. The two parallel incident rays 1 and 2 make an 
angle 0 with this plane. A reflected beam of maximum intensity will result 
if the waves represent ray 1 and ray 2 are in phase. The difference in path 
length between 1 and 2 must be an integral number of wavelengths X. We 
can express this relationship mathematically as: 
2dsinQ = nl (2.6) 
This is the well-know Bragg's law. The process of reflection is 
described here in terms of incident and reflected (or diffracted) rays, each 
make an angle 0 with a fixed crystal plane. The angle between the 
incident beam and the reflected beam is 26. 
X-rays ^ ； 
d JsinG^^^^sinG Atomic planes 
_ _ • • _ _ _ • • ^ ^^  •••••• ^ ^^  ^^ ^^  M^^LM • • • • • 
d B Crystal 
• • I • • • • _ • ^ ^^ ^^^ •••••• ^ ^^^ • ^ m m • • _ • • 
Fig. 2.7 X-ray diffraction involves constructive interference of 
waves being "reflected" by various atomic planes in the crystal. 
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In this work, a Siemens D5005 x-ray diffractometer in the grazing 
o 
angle mode using the Cu Ka radiation (A = 1.5418A) was employed to 
analyze the crystal structures of the samples with prepared under 
different conditions. 
2.2.5 TEM 
Transmission electron microscopy (TEM) is the most powerful 
experimental technique to study the microstructures in material research. 
If the thickness of the sample is less than the penetration depth of the 
probe electrons, detailed structures of the materials with a spatial 
resolution of 0.2-0.3 nm can be obtained from the images when a high 
energy electron beam passes through the sample. TEM is widely used to 
investigate the morphology, structure, and local chemical composition of 
materials from their TEM images, transmission electron diffraction (TED) 
pattern, and energy spectroscopy analysis, respectively. The detailed 
principles of TEM can be found in reference [2.16, 2.17]. In this work, we 
used the plane view TEM to observe the surface grains boundary on the 
sample surface and used cross-sectioned of TEM (XTEM) to observe the 
variation of microstructure with depth in the samples. 
However, TEM is destructive technique and the sample preparation is 
time consuming and difficult task. The details on the sample preparation 
of plan view and cross-sectioned TEM samples can be found in the 
reference [2.18, 2.19]. 
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2.2.6 FE Measurement 
The measurement of the field emission properties of the samples 
were carried out at room temperature in an ultra-high vacuum chamber 
with a base pressure better than 2x10-8 Torr. A schematic diagram of the 
field emission system is shown in Fig. 2.8 
HP4339A _ Ion Pump 
GPIB I I  
Computer Turbo Pump = ^ ^ ^ ^ ^ ^ 
Fig2.8 Schematic of the field emission measurement system. 
The current density and field (J-E) characteristics were measured 
using a diode structure with a copper plate as the anode. The distance 
between the sample surface and Cu anode electrode is 25 |im by using a 
mica spacer and the emission area is about 0.3 cm^. The nominal field is 
defined as the ratio of the applied voltage to the thickness of the mica 
spacer and the current density is defined as the emitted current to the 
emission area. A schematic of the structure of the sample holder is shown 
in Fig. 2.9. 
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Fig. 2.9 The schematic of the structure of the sample holder. 
A computer controlled HP4339A high resistance meter or ultrahigh 
resistance meter (R8340A, Advantest Inc. USA) was used to measure the 
I-V characteristics. The leakage current in our system is much smaller by 
using the HP4339 meter (<10-9 A) than by R8340A meter (<10-6 A). 
However, the maximum current output of the R8340A meter (0.1mA) is 
ten times larger then that of the HP4339 (0.01 mA). Both meters have a 
high voltage limit of lOOOV. 
In order to find out the turn-on field Eon of the samples, the samples 
were subjected to an applied voltage increasing at a fixed voltage interval 
until the emission current reaches a preset value and then the applied 
voltage would be decreased down to zero with the same voltage interval. 
This process is repeated three times for every sample to check the 
repeatability of the FE measurements and the stability of the samples. 
The turn-on field Eon is defined as the field strength where the current 
density reaches 1 ^lA/cm .^ Moreover, for the stability and lifetime 
measurement, fixed voltage would be applied and the emission current 
under this fixed voltage was measured and recorded against time. 
一 
Chapter 3 FE Properties of IBS SiC layers 
3.1 Introduction 
In recent years, the study of cold electron field emission (FE) 
properties of carbon containing materials, including diamond and 
diamond films [3.1，3.2], amorphous carbon [3.3, 3.4], nanotubes [3.5, 3.6], 
silicon carbide layers [3.7，3.8] and textured silicon surface implanted 
with carbon ions [3.9] has continued to be a topic of intensive research 
efforts. Some of these material systems showed very low turn-on field for 
electron emission typically smaller than 10 V/|im. It is of great interest to 
understand the mechanisms responsible for these good electron FE 
properties. 
In this chapter, the FE properties of IBS SiC layers were studied 
first. The SiC layers were synthesized by high dose carbon (1x10^® cm-2) 
implantation into silicon with different annealing time at 1200 °C in an 
Ar ambient. The field enhancement mechanisms behind these IBS layers 
would be discussed in conjunction with the results of CAFM and XPS. We 
shall show that both the surface morphology and the electrical 
inhomogeneity in the layer can lead to local electric field enhancement 
and hence to the improvement of the FE properties. The effect of carbon 
implantation dose on the field emission properties are also studied and 
the mechanisms leading to the dose dependence will be discussed. 
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3.2 Field Enhancement Mechanisms for the IBS SiC Layers 
The substrates used were n-type (100) Si wafers of resistivity 0.01-
0.02 Q-cm. Carbon implantation was performed using a metal vapor 
vacuum arc ion source at an extraction voltage of 35 kV to a dose of 
1.0x1018 cm-2. Thermal annealing was performed at 1200 °C in Ar 
ambient for 1 or 2 h. The formation of an amorphous SiC layer in the as-
implanted sample and the crystallization of the SiC layer into p phase 
after annealing were confirmed by X-ray diffraction and Fourier 
transform infrared absorption (FTIR) experiments. The surface 
morphology was studied using atomic force microscopy (AFM) and the 
local electrical conductivity property of the surface layer was measured by 
conducting atomic force microscopy (CAFM). The field emission 
properties of the samples were measured at room temperature in an 
ultra-high vacuum chamber with a base pressure better than 2x10-8 Torr. 
The current density field (J-E) characteristics were measured using a 
diode structure with a copper plate as the anode and a mica spacer of 25 
|im thick and the emission area is about 0.3 cm2. A control experiment of 
FE measurements was carried out using an un-implanted Si substrate. It 
was found that within the whole voltage range (0-1000 V) the current 
measured was within the noise-level (<10.9 A). 
The XRD spectrum in the grazing angle mode with a = 1° for the 
as-implanted and 2 h annealed samples are shown in Fig. 3.1. Three 
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peaks corresponding to the peaks (111), (200) and (311) of the P-SiC are 
observed in the annealed sample. Moreover, the SiC grain size after 2 h 
annealing was determined to be 6.1 nm from the width of the p-SiC peak 
(111) by the Scherrer equation. However, for the as-implanted sample, 
only a background signal line is observed. Therefore, the XRD 
measurement does not provide sufficient information on the phase 
formation of the as-implanted sample. 
In order to identify the phases in the as-implanted sample, Fourier 
transform infrared absorption (FTIR) experiments were performed. 
However, for the low resistivity (high doping) Si substrates all the 
infrared signals were attenuated by impurities within the substrate. 
Therefore, an n-type (100) Si wafer of resistivity 65-130 Qcm was used as 
the substrate for FTIR measurements. The FTIR spectra of these samples 
are shown in Fig. 3.2 
Chapter 3 - FE Properties of IBS SiC layers 晨 
咖 - as-implanted 
A 1200。C/2h 
3 0 0 p 
i : \ i . „ 臺 15�: x i s ^ I i 
0_| , 1 1 1 ‘ 1 ‘ 1 ‘ 1 ‘ 
20 30 40 50 60 70 80 
20 
Fig. 3.1 XRD spectra of the as-implanted and 2 h annealed samples. 
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Fig. 3.2 FTIR spectra of the as-implanted and 2 h annealed samples. 
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The results show that for the as-implanted sample a broad 
absorption band centred at 740 cm-i is observed. The broad FTIR 
absorption band means that this sample mainly contains amorphous SiC 
phase and the absorption in it is dominated by local mode absorption of 
carbon in silicon. For the 2 h annealed sample, a narrowed absorption 
band, which centred at 795 cm-i is observed. This peak corresponds to the 
crystalline P-SiC phases [3.10]. Therefore, by combining with the FTIR 
and XRD results, we conclude that for the as-implanted sample, 
amorphous P-SiC was formed and the amorphous p-SiC would transform 
to the ploy-crystalline (3-SiC after high temperature thermal annealing. 
The results are consistent with the results of pervious report [ 3 . 1 1 ； . 
The electron field emission characteristics of the as-implanted and 
annealed samples are shown in Fig. 3.3. From the J-E characteristics 
given in Fig. 3.3 (a), the turn-on field Eon, defined as the field strength 
where the current density reaches 1 |LiA/cm2, of the as-implanted sample 
is seen to have the lowest value of 12 V/)im. In comparison, the turn-on 
field exhibits larger values of 25 V/|im and 17.5 V/^im for the samples 
after annealing for 1 and 2 hours, respectively. The corresponding 
Fowler-Nordheim plots of these samples are given in Fig. 3.3 (b). The 
values of p/03/2，where p is the field enhancement factor and O is the work 
function in eV, are determined from Fig. 3.3 (b) to be 65，34 and 47 for the 
as-implanted, 1 hour and 2 hour annealed samples, respectively. There is 
no big difference among the values of the work function O of Si (4.52eV), 
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SiC (4.53eV) [3.19] and graphite (4.6eV) [3.20]. Therefore, the difference 
in the value of PAD3/2 would be mainly contributed by the enhancement 
factor p. 
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Fig. 3.3 The electron emission characteristic of the as-implanted and 
annealed samples (a) The J-E characteristic and (b) the corresponding 
Fowler-Nordheim plots. 
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The AFM micrographs and the simultaneous conducting AFM 
images are shown in Fig. 3.4 and 3.5, respectively. While the AFM images 
depict the surface morphology of these samples, the CAFM images 
provide the information about the local electrical properties of the surface 
layer. It was reported that the electron field emission properties of ion 
beam synthesized SiC layer were correlated with the surface morphology, 
and the improvement in the field emission properties after annealing 
under appropriate conditions was attributed to the formation of densely 
distributed small protrusions in the surface [3.7]. The AFM images in Fig. 
3.4 do clearly show how the small protrusions gradually emerge as the 
annealing time increases. Accordingly we would expect Eon to decrease 
and the field enhancement factor to increase with annealing time 
monotonically. While this trend is true for the two annealed samples, the 
as-implanted sample however exhibits the lowest turn-on field (12 V/|am) 
and the largest field enhancement factor (p/03/2 = 65) despite its surface is 
the smoothest as shown in Fig. 3.4. Therefore, the surface morphology as 
revealed by the AFM images alone cannot explain the changes of the field 
emission properties upon thermal annealing. On the other hand, in 
contrast to the flat surface morphology, the CAFM image of the as-
implanted sample shown in Fig. 3.5 contains densely distributed bright 
spots indicating that the surface electrical conductivity is highly 
inhomogeneous. The bright spots in the CAFM images correspond to local 
conducting grains embedded in the dark insulating background region. 
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We believe that these small conducting grains are associated with 
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Fig. 3.4 AFM micrographs showing the surface morphology of the samples 
(a) as-implanted; (b) 1200 °C/lh and (c) 1200 °C/2h. 
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Fig. 3.5 CAFM micrographs showing local electrical conductivity of the 
samples (a) as-implanted; (b) 1200�C/ lh and (c) 1200。(：V2h. 
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The depth profiles of the as-implanted and 2 h annealing sample 
determined by XPS were shown in Fig. 3.6. Moreover, the high-energy 
resolution XPS C Is spectra for these two samples up to a depth of 250A 
are shown in Fig. 3.8. 
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Fig. 3.6 The composition depth profile of the C, Si and O atoms 
determined by XPS of samples (a) as-implanted and (b) 1200 °C/2h. 
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Fig. 3.7 XPS C Is signal for samples (a) as-implanted and 
(b) 1200 °C/2h. 
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As seen in Fig. 3.6，there is no big difference between the carbon 
depth profiles of these two samples. Both samples show a gaussian-like 
depth profile for the carbon atoms. As expected for the annealed sample, 
it is seen that a 10 nm thick silicon dioxide layer had grown and the 
carbon atoms shows some redistribution in the top layer. However, 
significant difference was observed in the XPS C Is spectra between these 
two samples as shown in Fig. 3.7. It is observed that in the 2 h annealed 
sample peaks of the Cls signal in the top 250 A from the surface are all 
centred at a binding energy of 283.5 eV, which equals to that of carbon 
atoms in SiC [3.12]. In contrast, for the as-implanted sample peaks of the 
Cls spectra are observed to shift towards higher value of binding energy 
with depth increasing. This indicates that sp2 C clusters, which 
correspond to a binding energy of 284.3 eV [3.13]，were mixed with SiC in 
the layer. We believed that is the reason why the electrical conducting 
grains appear for the as-implanted sample in the CAFM images. After 
thermal annealing, a more uniform electrically insulating SiC is formed 
as results of more complete carbonization. 
Now it is clear that the good field emission properties of the as-
implanted sample can be attributed to a local field enhancement effect 
due to the electrical inhomogeneity in the film, similar to what happened 
and was observed recently in amorphous carbon films [3.14-3.18]. After 
annealing for 1 hour, while the electrical inhomogeneity was destroyed by 
the complete carbonization, the desirable small protrusion structure for 
P.44 ‘ 
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FE was not yet fully developed, hence poorer field emission properties in 
terms of high turn on field and low field enhancement factor were 
observed in this sample. The field emission properties were improved 
again after longer annealing when the desirable small protrusion 
structure was formed. 
In short, our results clearly demonstrated that both the surface 
morphology and the electrical inhomogeneity in the layer could lead to 
local electric field enhancement and hence to the improvement of the FE 
properties in the ion beam synthesized SiC layers. 
3.3 Embedded Conducting Grains (ECG) Model of Local Field 
Enhancement 
In order to understand the relationships between the FE properties 
and the electrical conducting grains on the as-implanted IBS SiC layers, a 
simple model is proposed. This model would describe the role of the 
electrical conducting grains play in the FE of the SiC layers and how the 
electrical inhomogeneity in the layer could lead to local electric field 
enhancement. This model is similar in nature to the model proposed 
recently for the explanation of field enhancement effect in ta-C films 
[3.17, 3.18]. 
First, a circuit diagram of the FE measurement as shown in Fig. 
3.8 is considered. The measured field emission characteristic would 
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certainly depend on the series resistance of the substrate Rsi and the 
resistance of the implanted layer Ro. If Ro is too high, the electrons would 
have to be injected over a large barrier at the back contact. Therefore, we 
assume that the IBS SiC layer in the as-implanted sample could be 
considered as a composite layer consisting of graphitic carbon clusters 
embedded in a SiC matrix. We also believed that the graphitic carbon 
clusters could have formed a conducting channel to provide a conduction 
path from substrate to the front surface and the FE occurred at the 
surface graphitic carbon cluster (conducting grains observed in CAFM) 
rather than at the SiC insulating matrix. When an external field is 
present, the charges on the sample will mainly concentrate at the 
boundary of the graphitic carbon clusters and the field lines would focus 
on these regions as shown in Fig. 3.9. Moreover, most of the field lines 
would rather terminate at the surface region of the graphitic clusters 
than at the inner boundary of the clusters embedded in the SiC matrix to 
minimize the field lines need to penetrate the high resistivity SiC region. 
Therefore, we expect that the external field lines would concentrate at the 
conducting grains on the sample surface as revealed by the CAFM image. 
The conducting grains act like internal tips embedded in the insulating 
SiC matrix. 
Chapter 3 - FE Properties of IBS SiC layers 且 
Fie ld i … 丨 … i  
Emitter! 八 丨 i i 
L 宁 J I 幸 I 
丨 上 丨 H i g h 
去 j j Resistance 
Ro 乡 1 \ J i Meter 
R s i i I (b^ 
• 






Fig.3.9 Schematic diagram of the distribution of the electric field. 
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According to the above model, we expect that a smaller size 
conducting grain would lead to a larger local field enhancement, in 
analogy similar to that sharp tip would lead to a large local field 
enhancement by geometry. This picture also predicts an optimum density 
of conducting grains (emission sites) to avoid the screening effect between 
the adjacent grains. This means that too high density of the conducting 
grains would reduce the local field enhancement at each conducting 
grains. On the other hand, the emission current density is proportional 
to the size and the density of the emission sites (conducting grains) at 
constant local field strength. Therefore, there is a trade-off between the 
need for small size and low-density of the conducting grains to give a 
large local enhancement factor p, and that for large size and high-density 
grains to contribute the emission current density J. 
3.4 The Role of Conducting Grains in Field Enhancement 
In this section, the effects of the size and density of isolated 
electrical conducting grains observed in the CAFM images on the FE 
would be studied. The results were used to support our ECG local field 
enhancement model on IBS SiC layers. 
In this work, carbon ions were implanted into an n-type (100) 0.01-
0.02 Q-cm silicon wafers to doses of 0.75, 1.0 and 1.2x10^8 cm-2 using a 
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M E W A ion source at an extraction voltage of 35 kV and a current 
density of 7 ^lA/cm^. 
The local electrical conductivity mapping of these samples was 
obtained by the CAFM and the results are shown in Fig. 3.10. It is seen 
that conducting grains appear in all samples. Moreover, the conducting 
grain size and density vary with the carbon dose. The surface morphology 
of these samples was studied by the simultaneously AFM measurement 
and the AFM images are showed in Fig. 3.11. The surface of all these 
samples is quite smooth except there is some micro-particles appeared on 
the high dose sample surface. Therefore, the local field enhancement on 
these samples was mainly contributed by the surface electrical 
inhomogeneity on the sample surface. The effect of the surface 
morphology on field enhancement should be minimal. 
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Fig. 3.10 CAFM micrographs showing local electrical conductivity of the 
samples with different carbon dose (a) 0.75x10^8 c m - 2 ; � l.OxlQis cm-2and 
(c) 1.2x1018 cm-2. 
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Fig. 3.11 AFM micrographs showing the surface morphology of the 
samples with different carbon dose (a) 0.75x1018 c m - 2；� l.OxlQi^ cm-2 
and (c) 1.2x1018 cm-2. 
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The field emission characteristics of these samples are shown in 
Fig. 3.12 where the J-E characteristics are given in Fig. 3.12 (a) and the 
corresponding Flower-Nordheim plots are given in Fig. 3.12 (b). The 
sample with a dose of IxlQis cm-2 has the lowest turn-on field of about 12 
V/jim. For the other samples of dose 0.75x1018 and 1.2xl0i8 cm-2, the 
values of the turn-on field were found to be 28 and 15 V/jim, respectively. 
From the Flower-Nordheim plots in Fig. 3.12 (b) the values of p/03/2 were 
determined to be 22.5, 65 and 58.5 for the samples with doses of 
0.75x1018，1.0x1018 and 1.2xl0i8 cm-2 respectively. The relationships of 
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Fig.3.12 The electron emission characteristic of IBS SiC layer with 
different doses of carbon (a) The J-E characteristic and (b) the 
corresponding Fowler-Nordheim plots. 
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Fig. 3.13 The variation of Eon and p/03/2 with the doses of carbon. 
The surface of the lowest dose sample (0.75xl0i8 cm-2) was relatively 
electrical insulated. There are only a very small amount of electrical 
conducting grains. In contrast, the two higher dose samples (l.OxlO^® and 
1.2x1018 cm-2) contain a relatively large amount of electrical conducting as 
observed in the CAFM images. The conducting grains size seems to 
increase with the carbon dose. 
These observations can be understood as using the embedded 
conducting grains (EGC) model as schematically in Fig. 3.14 follows. 
When the carbon dose is so small, graphite clusters are likely existed only 
in the region near the peak of the carbon profile. There are very few, if 
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any, carbon clusters formed in the surface layer. Therefore, the formation 
of a continuous conducting path between the sample surface and the 
substrate consisting of carbon clusters is unlikely. The resistance of the 
implanted layer Ro is equivalent to the resistance of graphite clusters in 
series with the resistance of the SiC layer. Therefore, the CAFM image 
shows very few conducting bright spots at the sample surface. The 
situation is schematically depicted in Fig. 3.14 (a) where the dose is 
a 
smaller than a critical dose Do. This is the case for lowest dose sample 
( 0 . 7 5 x 1 0 1 8 cm-2), which showed the highest turn-on field. As there are no 
conducting grains at the surface, there is no local field enhancement due 
to the electrical inhomogeneity effect. 
1 
When the dose of carbon reaches or exceeded the critical value Do as 
the case schematically shown in Fig. 3.14 (b), there are significant 
number of graphite clusters formed and distributed throughout the whole 
implanted SiC layer. The resistance of the implanted layer Ro can be 
considered to be equivalent to the resistance of the graphite grains in 
parallel with the resistance of SiC. There are a number of the conduction 
paths between the surface and the substrate formed and conducting 
grains were observed at the surface as seen in the CAFM image in Fig. 
3.10 (b) and (c). 
According to the ECG model, are would also expect that carbon dose 
beyond a certain level, would lead a larger cluster size as shown in Fig. 
P.55 
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3.14 (b) and (c). The size of the conducting grains at the surface would 
also increase. The local field enhancement effect would then decrease due 
to the screening effect. To the extreme case, when the size of the 
conducting grains become large and larger, eventually a continuous 
conducting (graphite) surface would be obtained and the external field 
line would then uniformly penetrate into this conducting layer. 
Therefore, the local field enhancement factor reduces back to one. Such 
reasoning can explain the turn-on field difference between the two high [ 
{ 
s 
dose samples (1.0x10^® and 1.2x10^^ cm-2). For the sample with a dose of 
I 
1.0x1018 cm-2, a large number of densely distributed small conducting 
grains were observed. However, for the highest dose sample (1.2x1018 cm- 1 
II 
2)，a reduced number of larger size conducting grains were observed. 丨 
( 
Therefore, the local field enhancement effect is larger for the sample of ‘ 
dose 1.0xl0i8cm-2. Therefore, the sample with dose 1.0x10^® cm-2 showed a 
turn-on field of 12 V/)am, which is the lowest among three samples. 
In short, EGC model of IBS SiC layers can give a satisfactory 
explanation for our experiment results. 
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Fig. 3.14 A schematic diagram of the embedded conducting grains model 
showing the top view, the sectional view and the equivalent resistance 
network of the implanted layer of the IBS SiC corresponding to different 
carbon dose (a) D<D。； (b) D=Do and (c) D>Do. 
P.57 “ 
Chapter 4 FE Properties of W modified IBS  
SiC layers  
4.1 Introduction 
An attempt to improve the FE properties of IBS SiC layers was 
preformed by implanting W into the IBS SiC layers. The basic idea behind 
this attempt is as follows. 
First, WC (tungsten carbide) has the lowest value of work function O 
(3.6eV) [4.1] compared to Si (4.52eV), SiC (4.53eV) [4.2] and graphite 
(4.6eV) [4.3]. Second, the electrical resistivity of WC is lower than graphite 
by 2 orders of magnitude. Therefore, if the conducting graphite grains in 
the IBS SiC layers were replaced by WC grains, it may lead to an even 
larger the local field enhancement effect and hence better FE properties. 
Moreover, both WC and SiC are thermally stable. The thermal stability is 
an important factor of consideration for practical device applications. 
Furthermore, it will be shown that, after W ion implantation, the 
surface roughness of the samples after thermal annealing would increase. 
Therefore, the local field enhancement contributed by the geometry factor 
(surface morphology) would also increase. 
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4.2 Experimental 
The tungsten ions were implanted into an IBS SiC layer using a 
M E W A ion source at an extraction voltage of 70 kV and a dose of l.OxlQi^ 
cm-2. The IBS SiC layers were synthesized by high dose carbon (0.8 or 
1.0x1018 cm-2) implantation into silicon substrates using M E W A ion 
source. The details of the fabrication of the IBS SiC layers have been 
introduced in chapter 2. Table 4.1 summarizes the carbon implantation 
and thermal annealing conditions of these IBS SiC layers. In one of the 
high carbon dose sample (HCRTA), the carbon implantation process was 
divided into two steps each contributed to half of the finial dosel Thermal 
annealing of the samples were performed with either furnace annealing 
(FA) in an Ar ambient at 1200 °C for 1.5 hours or rapid thermal annealing 
(RTA) in an Ar ambient for 1 minute at 1050 °C. 
§ This was due to the limitation of the cathode condition. Incidentally, only half of the desired finial 
dose was complete when the first graphite cathode used was fully consumed and a new cathode was 
used to complete the full dose implantation. 
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Carbon implantation Annealing 
Code  
Dose [xl0i8cm-2] Implantation Step Method 
LCRTA 0.8 1 RTA 
HCRTA 1.0 2 RTA 
HCFA 1.0 1 FA 
Table 4.1: The details of the preparation of the IBS SiC layers for W 
implantation modification. 
4.3 Phase and Structural Evolution of W Modified IBS SiC Layers 
The phase and structural evolutions of the samples were studied by 
XRD, XPS and XTEM. 
4.3.1 XRD Results 
The XRD spectra in the glancing angle mode with a=l° for the 
annealed W modified IBS SiC layers are shown in Fig. 4.1 and the relative 
intensity of the peaks signal is summarized in table 4.2. For the high 
carbon dose samples after annealing by RTA (HCRTA) and furnace 
annealing (HCFA), crystallisation of the surface layer during annealing 
was evident as indicated by the sharp peaks of cubic p-SiC (a=4.356 A) and 
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hexagonal WC (a=2.920 A, c=2.850 A) in the XRD spectra. However, the 
peaks of tetragonal WSi2 (a=3.211 A, c=7.829) were only observed in the 
sample HCRTA. For the low carbon dose sample (LCRTA), crystallisation 
of the surface layer during RTA led to peaks of cubic P-SiC, WC and WSi2 
in the XRD spectra. However, the intensity of these peaks is weaker than 
that of the peaks of the HCRTA sample. Moreover, the ratio of intensity of 
the peaks of WSi2 to the peaks of WC is smaller than the ratio of the 
HCRTA sample. This indicates that a much larger portion of WSi2 had 
formed in the HCRTA sample during the RTA process than that in 
LCRTA sample. 
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Fig. 4.1 XRD spectra of the annealed W modified IBS SiC layers. 
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Table 4.2: The relatively intensity of XRD peaks signal o f W C and WSi2 in 
the W modified IBS SiC layers (vs: very strong, s: strong, m: middle, w: 
weak, vw: very weak and n: none). 
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In order to understand the phases formation on the annealed W 
modified IBS SiC layer observed in the XRD spectra (Fig. 4.1)，the ternary 
phase diagram of the W-Si-C system at the temperature range of 697 
°C<T<1867 °C [4.4] as shown in Fig. 4.2 is considered. The stable 
compounds of the W-Si-C system are SiC, WC and WSi2 in our cases. 
Moreover, WSi2 could be formed only when the stoichiometric ratio of C to 
Si is smaller than 1. However, the peak signals of WSi2 in the HCRTA 
sample are stronger than those in the LCRTA sample. But the sample 
HCRTA has a higher carbon dose than LCRTA. Therefore, this suggests 
that some of the W atoms are located in Si rich region in the HCRTA 
sample but not for the LCRTA sample. Hence XPS depth profile 
measurements were performed in the HCRTA and LCRTA samples to 
investigate the W atom distribution in these two samples. 
：愈 
SiC 
Fig. 4.2 Ternary phase diagram of the W-Si-C system in the temperature 
range at 697 °C<T<1867 °C after reference [4.4]. 
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4.3.1 XPS Results 
The composition depth profiles of LCRTA and HCRTA samples are 
shown in Fig. 4.3 (a) and (b). The high-energy resolution XPS spectra of 
the C Is signal at different depths from the surface are shown in Fig. 4.4. 
The difference between the two composition depth profiles of the LCRTA 
and HCRTA samples is obvious. The depth profile of the W atoms in the 
LCRTA sample shows a single peak at 400 A and a long tail down to the 
SiC/Si interface. Moreover a uniform carbon (50%) layer was formed with 
a width of the 1000 A in top layer. However, the depth profile of the W 
atoms in the HCRTA sample shows a double gaussian feature. One 
gaussian peak is at 375 A and another at 1300 A. Moreover, a topmost 
layer a carbon rich layer was formed followed by a layer with a uniform 
carbon composition (50%) formed in the region from depth of 120 A to 1000 
人.The splitting of the W distribution into two gaussian peaks may be due 
to the formation of defect interface layers at the two sides of the carbon 
profile during the fabrication of the IBS SiC layer in this particular 
sample. The defect interface layers had enhanced the diffusion of the W 
ions during implantation. The defect interface layers were probably 
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formed by the two steps carbon implantation process of this sample since 
the second implantation step involve a second heating up phase during 
implantation. 
As shown in Fig. 4.3 (a), for the LCRTA sample, a great part of the 
W atoms are located in a carbon rich region. Therefore, WC was formed in 
this region. Although the tail of the W atom distribution profile extends to 
the Si rich region, the atomic concentration of W is very small. Therefore, 
only a small amount of WSi2 was formed in that region and the WSi2 
peaks are observed in the XRD spectrum of the annealed LCRTA sample 
are weak. 
However, as seen in Fig. 4.3 (b), the W atom distribution profile of 
the sample HCRTA shows a double gaussian feature. At the second 
gaussian peak of the W distribution (lOOO-lSOOA), the stoichiometric ratio 
of C to Si is smaller than 1. Therefore, a considerable amount of WSi2 was 
formed in this region. This is consistent with the stronger WSi2 peaks 
observed in the XRD spectrum of this sample. 
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Fig. 4.3 The composition depth profile of the C, Si, W and 0 atoms 
determined by XPS of the W modified IBS SiC layers (a) sample LCRTA 
and (b) sample HCRTA. 
Chapter 4 - FE Properties of W Modified IBS SiC Layers 晨 
I I 1 
(a)——J i sp'c 
‘ i  
- — —   
—I~~r-I — 
" ‘ “ — - - I I I “ - , , 
丨一 “ I ~ * 广 i  
282 284 286 288 
B.E. [eV] 
(b) i ^ s p ^ C 
— ~ S / S ^ ^ ^ y ^    
^^ — e 
1 I •“    
I I —     
- s ^   
| ‘ II - ~ 1 1 1 , 1為 I - ^ ' y ^ ' i I . - U i i i i - ' { „ > - I i l n i i i i I — I I - I I I I . I - ' . I , I I I I I - « I | . 
I I I 
•—i— ^^^  
F 1 1 1 ' 1 1  
282 284 286 288 
B.E. [eV] 
Fig. 4.4 The XPS Cls signal the W modified IBS SiC layers, (a) sample 
LCRTA and (b) sample HCRTA. 
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In Fig. 4.4 (a) the high resolution binding energy XPS spectra of C Is 
signal of the LCRTA sample are shown. The peaks of the C Is signal are 
located between 283.1 eV (WC) [4.5] and 283.5 eV (SiC) [4.6] (e.g. points a, 
b，d and e). As except for the regions such as point c where the atomic 
concentration of carbon is larger than 50 %，the peaks of the C Is signals 
shifted up toward 284.3 eV, which is the binding energy of C Is in the 
graphite phase [4.7]. This indicates that there are graphitic carbon 
clusters existing in the carbon rich (atomic concentration >50%) regions. 
In Fig. 4.4 (b) the high resolution binding energy XPS spectra of C Is 
signal of the HCRTA sample are shown. At first, the atomic concentration 
of C is large than 50%. As the binding energy XPS spectra of C 1 signal of 
point a, the peaks of the C Is signal are located between 284.3 eV 
(graphite) and 283.5 eV. This layer was containing the mixture of SiC and 
graphite carbon. As the depth increase, such as point b where the atomic 
concentration of C is slight small than 50%, the peaks of the Cls signal 
are centered at 283.5 eV corresponding to the C in SiC. As the depth is 
further increasing, such as point c where the atomic concentration of C is 
slight large than 50%, the peaks shifted down toward a lower binding 
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energy of 283.1 eV, which is the binding energy of C Is in the WC phase. 
Then as the depth increased (point d and e), the C Is peaks shifted toward 
into a higher energy of 283.5 eV, which was the binding energy of C Is in 
the SiC phase. Therefore, we can conclude that the topmost layer of the 
sample is a mixture of graphitic carbon and SiC. As the depth increased, 
the amount of graphitic clusters decreased, and the C atoms became 
mainly in the form of WC and SiC. 
4.3.3 TEM Results 
The XTEM image of the HCRTA sample is displayed in Fig. 4.5. It 
is subdivided into five different sublayers on the Si substrate. The topmost 
surface layer contains small (2-10 nm) metallic particles, followed by a 15 
nm thick carbon rich zone. These layers are positioned on top of an 
approximately 50 nm thick polycrystalline WC layer with typical grain 
sizes of 20 nm, contacting a nanocrystalline 50 nm thick p-SiC layer (mean 
grain size 4 nm). At the interface between this SiC layer and the Si 
substrate there is a zone containing large (150 nm) WSi2 precipitates and 
interfacial cavities of up to 150 nm diameter, occasionally filled with WSi2 
P . 6 9 ‘ 
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precipitates. The Si region between the cavities and precipitates is 
characterised by a high density of planar defects on {111} habit planes. 
丨 glue 
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Fig. 4.5 The XTEM bright-field image of the sample HCRTA. 
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Fig. 4.6 Bright-field I dark field WSi2(200) image pair and diffraction 
pattern of one WSi2 grain of the sample HCRTA 
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The formation of interfacial cavities might be surprising. A similar 
effect, however, has also be observed after implanting high doses of Mo 
ions into ion beam synthesized SiC surface layers on silicon [4.8] or high 
doses of Ti into the Si top layer of ion beam synthesized buried single 
crystalline p-SiC layers in silicon [4.9]. In the latter case, the effect has 
been observed to occur only if the Ti concentration in the Si top layer 
exceeds the stoichiometry threshold to form TiSi2. This lead to the 
conclusion, that the formation of the thermodynamically favourable 
disilicide phase constitutes the driving force for the Si diffusion from the 
substrate into the surface layer, resulting in the interfacial cavity 
formation. In analogy it is concluded here that in the present case of W 
implantations, cavities are formed by Si diffusion towards the surface in 
order to allow for a thermodynamically favourable saturation of all 
impurity bonds. In fact, a small fraction of crystallites in the WC rich zone 
seems to be WSi2, as is concluded from XTEM dark-field images in Fig 4.6. 
Unlike in the case of Ti, where cavity formation is correlated to the 
formation of crack-like macro-defects in the single-crystalline SiC layer 
enabling Si up- and Ti down-diffusion, no such defects are observed in the 
present SiC layers. This, however, can most likely be attributed to the 
R n 
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nanocrystalline nature of the SiC layers, enabling efficient grain boundary 
diffusion. It is important to mention that the evolution of the second W 
peak in XPS measured depth profiles in Fig. 4.3 (b), which is correlated to 
the WSi2 precipitates observed by XTEM near the SiC/Si interface, was 
found only in samples where the carbon implantation was performed in 
two steps. Moreover, the diffraction pattern of the whole layer is shown in 
Fig. 4.7. 
Fig. 4.7 Diffraction pattern of the whole layer of sample HCRTA 
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The XTEM image of the sample HCFA is shown in Fig. 4.8. A nice 
distribution of WC grains embedded in SiC, with the smallest WC 
nano-clusters (2 nm) at the surface and the larger ones at a depth of about 
60 nm is observed. Moreover, there is no any large WSi2 grain observed at 
the interface. The isolated conducting WC grains were embedded in the 
relatively insulating SiC matrix. Moreover, the resistivity depth profile of 
this sample determined by SRP is presented in appendix. This is the 
structure we want and expect to have extremely high local field 
enhancement effect as we discussed in the beginning of this chapter. We 
shall show that this is in fact that the case as proved. 
- W C and SiC 
^ B B ^ ^ ^ B ^ ^ ^ B ^ ^ B B B t H M H f c B ^ S t e J S l H l mixture layer 
100 -
Defect layer 
z [nm] 1 
Fig. 4.8 The XTEM bright field image of the sample HCFA. 
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4.3.4 AFM results 
The AFM micrographs are shown in Fig. 4.9，which depict the surface 
morphology of these samples. The surfaces of the two RTA annealed 
samples LCRTA and HCRTA are relatively smooth compared to the 
furnace annealed sample HCFA. Only a small amount of protrusions (with 
smaller aspect ratio) are observed on the surfaces of the RTA samples. 
However, for the furnace annealed sample HCFA, a much rougher surface 
was obtained as shown by the AFM images in Fig. 4.9 (c). There are 
densely distributed small protrusions formed on the surface. The 
difference in the surface morphology between the RTA and furnace 
annealed samples is probably due to the difference in the annealing time. 
For the RTA annealed samples, the one-minute annealing time was not 
enough for the W and C atoms to out diffuse to the surface. 
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' 參 
Fig. 4.9. AFM micrographs showing the surface morphology of the W 
modified IBS SiC layers (a) LCRTA, (b) HCRTA and (c) HCFA. 
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4.4 Field Emission Properties 
The electron field emission characteristics of both RTA samples are 
shown in Fig. 4.10. From the J-E characteristics given in Fig. 4.10 (a), 
the turn-on field Eon, defined as the field strength where the current 
density reaches 1 juA/cmS，is about 20 V/|Lim for both samples. The 
corresponding Fowler-Nordheim plots of these samples are given in Fig. 
4.10 (b). The values of p/03/2，where p is the field enhancement factor and 
<D is the work function in eV, are determined from Fig. 4.10 (b) to be 35 
and 40 for the samples LCRTA and HCRTA, respectively. 
FJ6 
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Fig. 4.10 The electron emission characteristic of the RTA annealed W 
modified IBS SiC layers (a) The J-E characteristic and (b) the 
corresponding Fowler-Nordheim plots. 
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The electron field emission characteristics of the furnace annealed 
(FA) sample HCFA is shown in Fig. 4.11. From the J-E characteristics 
given in Fig. 4.11 (a), an ultra low turn-on field of 0.35 Y/[im is obtained. 
The corresponding Fowler-Nordheim plot of this sample is given in Fig. 
4.11 (b). The curve of the F-N plot is seen to consist of two straight lines 
portions. The value of p/03/2 was determined to be 6.7x104 in the low field 
region and 5.5x103 in the high field region. Therefore, it is clear that there 
are two types of emission sites with two different field enhancement 
factors co-existing in this sample. The F-N plot also indicates that the 
emission sites with a large field enhancement factor (p/03/2=6.7xl04) are 
only dominant in the low field region. This implies that the number 
fraction of these high p sites is small. The majority of the emission sites 
belong to the other group having a relatively lower p/03/2 value of 5.5x103, 
a value in fact not low at all in the absolute sense. 
The extremely high value of local field enhancement factors observed 
in this sample is attributed to the local field enhancement effects produced 
by the geometry (surface morphology) and electrical inhomogeneity (the 
ECG model) as discussed in the previous chapter. The XTEM results (Fig. 
4.8) shows that the implanted layer of this sample consists of isolated 
conducting WC grains were embedded in the relatively insulating SiC 
matrix. According to arguments presented in the previous chapter, it 
expected that a large portion of the external field lines would concentrate 
on the conducting WC grains. If the conducting WC grains happened to 
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locate at the top of the surface protrusion, the local field strength will also 
be enhanced by the geometry factor. The local field enhancement in this 
case would then be a combined effect of the electrical inhomogeneity factor 
and the geometry factor. Therefore an extremely high local field 
enhancement factor is resulted. However, the probability that the WC 
grains happen to sit at the top of the surface protrusion is expected to be 
small. Therefore, only a very little portion of the emission sites will have 
the extremely high local field enhancement factor. The above discussion 
can explain the features of he FE properties of the HCFA sample as shown 
by FN plot in Fig. 4.11 (b). 
Moreover, the much higher turn-on field of the RTA samples 
compared to the furnace annealed sample can be attribute partly to the 
existence of WSi2 in the RTA samples. It is known that WSi2 is a p-type 
material [4.12] and had a larger value of work function (4.62-4.7eV [4.11]) 
compared to that of n-type WC [4.10] with 3.6eV [4.1]. Moreover, the 
differences in surface morphology and microstructure are clearly other 
factors responsible for the difference in the FE properties. 
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Fig. 4.11 The electron emission characteristic of the furnace annealed W 
modified IBS SiC layer HCFA (a) The J-E characteristic and (b) the 
corresponding Fowler-Nordheim plots. 
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The repeatability of emission current in the HCRTA is checked by 
repeating the FE measurements with the electric field up and down three 
times and the results are shown in Fig. 4.12 indicating good repeatability 
of the measurements. 
The fluctuation of the emission current against the time for the HCFA 
sample was measured and the results are shown in Fig 4.13. The current 
fluctuation was defined by (I-Iav)/Iav where I is the emission current and lav 
is the average emission current during the measurement. The root mean 
square (RMS) value of the current fluctuations was also calculated and the 
value was determined to be 0.093. 
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Fig. 4.13 Fluctuation of the emission current from the sample HCFA 
against time. 
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4.5 Summary 
In short, an ultra low turn-on field of 0.35 V/|Lim with very high local 
field enhancement has been achieved in a W implantation modified IBS 
SiC sample prepared under appropriate conditions. The extremely high 
local field enhancement was discussed in terms of a combined effect of the 
geometry field enhancement and electrical inhomogeneity field 
enhancement. The features of the FE properties were discussed 
conjunction with the microstructure of the sample determined by XRD, 
XPS and TEM experiments. 
Chapter 5 Conclusion  
In this thesis, we have studied the field emission (FE) 
characteristics of SiC layers synthesized by high dose carbon implantation 
into silicon wafers using a metal vapor vacuum arc ( M E W A ) ion source. 
We have correlated the FE properties of these IBS SiC layers with the 
various measurement results of these samples. We have clearly 
demonstrated that both the surface morphology and the electrical 
inhomogeneity in the SiC layer could lead to local electric field 
enhancement and hence to the improvement of the FE properties in the 
IBS SiC layers. 
Moreover, from the CAFM images of a high carbon dose 
as-implanted IBS SiC layer, some isolated conducting grains embedded in 
a relatively insulated layer were clearly observed. The size and density of 
these conducting grains were found to be dependent on the carbon doses. 
We have proposed a local field enhancement model, namely embedded 
conducting grains model (ECG) to correlate the FE properties of the IBS 
SiC films with these conducting grains. 
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Finally, in Chapter 4 attempts to improve the FE properties were 
performed by implanting tungsten ions into the IBS SiC layers using the 
M E W A ion source. The tungsten dose was l.OxlOi? cm-2. Thermal 
annealing was performed either by furnace annealing (FA) in Ar ambient 
at 1200 °C for 1.5 hours or by rapid thermal annealing (RTA) in Ar 
ambient for 1 minute at 1050 °C. An ultra low turn-on field of 0.35 V/|im 
was obtained in one of the W modified IBS SiC samples annealed at 1200 
°C for 1.5 hours. The XTEM image of the sample shows isolated 
conducting WC grains embedded in the relatively insulating SiC matrix. 
The extremely high local field enhancement was discussed in terms of a 
combined effect of the geometry field enhancement and electrical 
inhomogeneity field enhancement. The features of the FE properties were 
discussed in conjunction with the microstructures of the samples 
determined by XRD, XPS, TEM experiments and using the ECG model. 
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Appendix: (Spreading Resistance Profile of Annealed HCFA 
sample) 
The resistivity depth profile of the HCFA sample determined by 
spreading resistance profiling (SRP) measurement method is shown in 
Fig. A. It shows that the width of the implanted layer is about 130 nm, 
consistent with the result of the XTEM in Fig. 4.8. The resistivity of the 
topmost layer is higher than the resistivity of substrate. Therefore, it is 
concluded that a continuous conducting WC layer has not formed and the 
resistivity of the IBS SiC layer is much higher than the substrate. The 
conducting WC grains in the implanted layer were isolated in a high 
resistivity matrix as shown in the XTEM image. The highest resistivity 
layer was obtained at a depth of about 100 nm because the WC grain size 
is smallest in this region as observed in the XTEM image. 
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